Abstract-This paper presents the design and measured results for micro-fabricated inductors suitable for use in high frequency (> 10 MHz), low power (1 -2 W) dc-dc converters. The design has focused on maximizing inductor efficiency for a given converter specification. Inductors in the range of 100 nH to 300 nH have been fabricated and tested. The small signal measurements show a relatively flat inductance profile, with a 10% drop in inductance at 30 MHz. Inductance vs. dc bias current measurements show less than 15% decrease in inductance at 500 mA current. The performance of the micro-inductors have also been compared to a conventional wire-wound inductor in a 20 MHz dc-dc converter. The converter efficiency is shown to be approximately 4% lower when the micro-inductor is used compared to the when the wirewound inductor is used. The peak efficiency of the micro-inductor in the converter is estimated to be approximately 93%.
I. INTRODUCTION
With the increasing requirement for voltage conversion in portable electronics equipment, miniaturization and integration of the dc-dc converter is becoming an area of intense interest. Although there has been considerable recent progress in the integration of the active parts of such converters, significant miniaturization of the overall converter is retarded by the need to miniaturize and integrate the passive components. The size of the passive component is related to its value and the required value of inductance and capacitance can only be decreased by using higher switching frequency for the converter. Although all of today's low power converter products have switching frequencies less than 10 MHz, recent research has presented converters with frequencies as high as 480 MHz [1] , and 100 MHz [2] [3] . At such frequencies the values of inductance required are small and integration of the inductor on to the IC or into the package, using microfabrication techniques may be practical. By micro-fabrication techniques, here we mean the use of low temperature processes, which are in principle compatible with direct fabrication of the inductor on the active components. Although significant previous work has been done on integrated micro-fabricated inductors [4] - [11] for power conversion applications, much of this work has focused on the frequency range of less than 10 MHz. A detailed review of previous work in micro-inductor components has been given in [12] . Notable examples of this work include the work of Nakazawa et al [5] which demonstrated the direct integration of a micro-inductor on top of an active circuit. Orlando et al. [9] demonstrated a microfabricated inductor with the highest reported inductance to dc resistance ratio and Prabhakaran et al. demonstrated low value (several nH) micro-inductors with high current handling capability (up to 10 A).
To be a practical alternative to conventional inductor technology, the micro-inductor technology must be implemented in a cost effective manner and size is an important consideration for cost-effectiveness. The cost of the final micro-fabricated devices is related to the number of steps used in the fabrication and the substrate area occupied by a device. For example in [9] the high inductance to dc resistance was achieved in a relatively large area of 5.6 x 5.6 mm 2 and with a relatively complex process. The fully integrated device reported in [5] was made with a sputter deposited 9 µm thick layer of magnetic material, which may not be cost effective in practice. In general it is unlikely that in portable products, where battery lifetime is an important issue, that increased losses will be acceptable even for a more miniaturized solution. Thus the performance of any integrated solution must be adequate and comparable to existing solutions. It is clear then that further improvement in micro-inductor size and efficiency are desirable, over what has previously been reported. The size of the micro-inductor is reduced as the frequency is increased due to the need for a smaller inductance. In this work we target an inductor operating frequency of 20 MHz, which is higher than much of what has been previously reported. It is critical, however that as frequency is increased, the inductor performance does not decrease. From the performance perspective the challenge is to achieve adequately low losses in the micro-fabricated coils and in the core materials as frequency is increased. We present results for inductors with efficiency greater than 90% when used in a 20 MHz dc-dc converter. The remainder of the paper is laid out as follows. In section II the inductor technology is briefly discussed. Section III presents the approach to the inductor design in order to achieve good performance. Section IV presents measured results for inductor performance up to 100 MHz and also presents results for the use of the inductors in a 20 MHz dc-dc converter. The losses in the inductors is analyzed and compared to conventional technology. Section V draws some conclusions from the work and indicates the direction for future work.
II. INDUCTOR TECHNOLOGY
A detailed description of the technology used to fabricate the inductors has been given previously [13] . The essential details which are required in order to understand the design process are briefly described here. The inductor consists of a racetrack shaped copper coil, which is surrounded by a layer of magnetic material. The coil consists of electroplated copper which can be deposited to a maximum thickness of 50 µm. The magnetic material is an alloy of Nickel and Iron, which is also deposited by electroplating. The thickness of the layer of magnetic material is determined by the design, and is generally limited to less than 10 µm due to considerations of limiting the eddy current loss. The entire process consists of 5 mask layers. This racetrack inductor construction has been chosen over other inductor constructions (such as a toroidal approach) because of its relatively simple construction, which requires just a single layer of conductors, thus avoiding the use of vias. The direction of flux travel in the device is in a single direction, perpendicular to the long axis of the core, which allows for the exploitation of anisotropy in the material, to reduce core losses. The core material is deposited in the presence of a magnetic field which induces an anisotropy, i.e. a hard and easy axis of magnetization in the material. The easy axis is induced parallel with the core long axis, so that during inductor operation the flux travel is along the hard axis. In the hard axis, magnetization takes place by domain rotation as opposed to domain growth. Domain rotation is a low loss mechanism, so that exploiting material anisotropy is an important technique for reduction of core loss for high frequency operation.
III. INDUCTOR DESIGN
There are several figures of merit which could be considered to indicate good inductor performance. For micro-fabricated inductors the quality factor, Q, is frequently used. However the Q-factor, which the ratio of inductor reactance (2πfL) to resistance (R) at a particular frequency, f, only gives information on the AC performance of the inductor. For inductors used in power conversion, the inductor excitation current waveform will typically have a considerable dc component. Thus the inductor dc resistance, R dc , is also an important factor and some works [9] have identified the ratio of inductance, L, to dc resistance as a measure for good power inductor performance.
In order to optimize the performance of a power inductor, it is clear that losses due to both the dc and ac components of current must be minimized. Thus is this work we choose the inductor efficiency as a figure of merit and the objective of the inductor design is to maximize inductor efficiency with the given technology parameters. Inductor efficiency is defined as η ind = P out /(P out + P loss ) (1) where P out is the converter output power and P loss is the total inductor loss. The inductor loss includes winding loss and core loss. Since the inductor waveform consists of a triangular wave with a dc level, the winding loss consists of both ac and dc components. The core loss is due to the triangular ac component of the excitation and consists of both hysteresis loss and eddy current loss. A modeling procedure has been developed for the inductor, which given the geometry and the material parameters, and the excitation, evaluates all the loss components in the inductor and hence estimates the inductor efficiency. The winding ac loss is estimated using an analytic method which takes into account the 2-d nature of fields in the winding window. Losses due to current waveform harmonics up to the 6 th harmonic are included by use of the Fourrier series expansion of the current wavefrom. The eddy current core loss is evaluated using a 1-d solution for Maxwell's equations within the core cross-section [14] . The hysteresis loss is determined from measurements on toroidal samples of the core material and is approximated by the Steinmetz equation.
The inductors are designed to operate in a buck converter with specifications shown in the Table 1 . Certain parameters relating to the technology are fixed by the materials and processes used. These fixed parameters are also given in Table  1 below. In order to maximize the inductor efficiency, the number of turns, N, conductor width, w, and core layer thickness, t, and footprint area, Ar, are varied. The inductance value is allowed to vary, but with the constraint that the current ripple does not exceed the specified value. Optimum inductor designs are determined by finding the combination of the above values which gives maximum efficiency for any given footprint area. The graphs in fig. 2 gives an example of how inductor efficiency varies with number of turns, and conductor width for a footprint area varying from 4 mm 2 to 16 mm 2 , and a current ripple ratio of less than 0.6. It can be seen from the graph that there is a trade-off between footprint area and inductor efficiency. At smaller sizes efficiency tends to decrease. In order to obtain the inductance in a smaller size, the conductor width and spacing is decreased. This results in the decrease in efficiency because of increased winding loss as the cross-sectional area of the conductors is decreased. At some point the inductor size and hence the core area and effective length is reduced to the point where the required peak current cannot be handled without core saturation. This presents an ultimate limit to the smallest size for the inductor, and in the above graphs, this occurs at a footprint area of approximately 4 mm 2 . It should however be noted that at this minimum size, inductor efficiency has decreased to approximately 86 %. The above approach has been used to design several inductors with different inductance values. Design parameters were varied and the maximum efficiency designs for each footprint area were identified. Inductor designs were picked in order to maintain efficiency above 90% rather than to minimize footprint area. The next section describes some of the inductor designs and the measured results from these.
IV. RESULTS
A range of inductors have been fabricated and an image of several different variants of the inductors is shown in fig. 3 below. The design details for a 100 nH, 200 nH and 300 nH inductor are given in table 2. 
A. Small Signal Testing
The inductance and resistance have been measured vs. frequency, up 100 MHz, using a vector network analyzer. The graph in fig. 4 218 Ω, and 0.43 Ω for the 100 nH, 200 nH and 300 nH inductors respectively. It can be seen that the resistance of the inductors increases significantly for frequencies above 20 MHz and this increase is largely due to eddy current loss in the core.
When used in a power converter the inductor must also be capable of carrying the maximum converter dc current while maintaining the inductance level, i.e. without core saturation. Fig. 5 presents the inductance (at 20 MHz) vs. dc bias current for the inductors. It can be seen that inductance hold up well with bias current and the inductance roll off is relatively gentle. At 500 mA the reduction in inductance value is less than 15 % in all cases.
B. Tests in a Converter
Testing of the inductors in a 20 MHz converter has also been carried out. Fig. 6 shows an image of the converter chip and the micro-fabricated inductor. The inductor used is a 100 nH inductor. Details of the converter design can be found in [15] . In order to benchmark the micro-inductor performance the efficiency of the converter using the micro-inductor has been compared to the efficiency of the converter using a conventional wirewound inductor (Coilcraft 0805 LS-111, L = 110 nH, R dc = 50 mΩ). Fig. 7 shows the measured efficiency of the converter vs. load current with both inductors. Converter input voltage is 2.6 V and output voltage is 1.2 V. It can be seen from this that the peak efficiency of the converter with the wirewound inductor is approximately 4 % higher than with the microinductor. Using the models developed for the micro-inductor and using the inductors models supplied by Coilcraft, the inductor efficiency in this converter can be estimated. These curves for inductor efficiency are also included in fig. 7 . The inductor efficiency curves are consistent with the measured converter efficiency, in that the efficiency of the microinductor is shown to be approximately 3% lower than that of the wire-wound inductor. The peak micro-inductor efficiency is approximately 93%. In order to further illustrate the reason for the difference in efficiency between the inductors, the graph in fig. 8 shows the breakdown of losses in the inductors as obtained from the models. The loss has been separated into ac loss and dc loss. Due to the nature of the wire-wound inductor model it is not possible to further separate the ac loss into core loss and winding loss. The loss breakdown shows that the wire-wound inductor has lower ac loss and lower dc loss. AC loss dominates in both inductors at low current levels as expected. For the micro-inductor dc loss exceeds ac loss at higher current levels. For the microinductor the loss can also be examined in terms of the split between winding loss (both ac and dc) and core loss. The diagram if fig. 9 shows the breakdown of losses in the micro-inductor for a current of 250 mA. This shows that the winding loss is substantially dc loss and that the core loss is dominated by eddy current loss.
V. CONCLUSIONS
This paper has presented the design and measurement of micro-inductors for use in a 20 MHz dc-dc converter. Inductor performance has been analyzed in terms of inductor efficiency. The micro-inductors have been shown to have a peak efficiency of approximately 93% and are 3-4% less efficient that a conventional wire-wound inductor. Although the micro-inductor efficiency is still less than that of the wire-wound inductor, the results show that the performance difference is not very large. From an analysis of the losses in the micro-inductor it is clear that both winding and core loss needs to be further reduced. The winding loss is mostly due to winding dc resistance and this could be further reduced by increasing the conductor thickness. The conductor thickness is currently 50 µm, but it may be possible to increase this to 100 µm. Process improvements required to do this are currently being investigated. The core loss is dominated by eddy current loss. This can be reduced by a combination of higher resistivity core material, such as alloys of Cobalt and Phosphorous, and by laminating the core [16] . Both of these options are currently being pursued.
The main reason for considering the use of a micro-inductor solution in a converter is to achieve a size reduction. It is unlikely that the micro-inductor technology can compete with conventional inductor technology (e.g. wire-wound or multilayer ferrite) in terms of inductance per unit area. However the profile of the micro-inductor is significantly lower than that of conventional inductors. The micro-inductor has a profile of less than 0.2 mm, while most chip inductors have profiles greater than 0.5 mm. The greatest size reduction in a converter can be achieved by the stacking of the passive and active components and in such a scenario the low profile of the micro-inductor has a distinct advantage.
